During the past decade, technical advances in the synthesis of nucleic acid analogues have stimulated further research in the development of gene-targeted drugs.l Nucleic acid analogues, in which the entire phosphate-sugar backbone of DNA has been replaced with a polyvinyl or a polyamide chain2-4, have recently been synthesized as potential therapeutic agents and found to form extremely stable heteroduplexes with complementary single-and double-stranded DNA. Although the evaluation of the binding ability of nucleic acid analogue to DNA is helpful for designing sequenceselective gene-targeted drugs using nucleic acid analogues, very little is known about it, because of a lack of research tools for evaluating the selective binding ability, except for melting-temperature (Tm) measurements.
We recently developed capillary affinity gel electrophoresis (CAGE)S_8 by combining the high resolving power of capillary gel electrophoresis and the high specificity of a bioaffinity ligand. CAGE is a powerful new tool for the specific-recognition of DNA through selective binding of DNA to the bioaffinity ligand and the characterization of DNA-drug binding properties. In this study, the CAGE technique was examined and found to be applicable to evaluating the selective binding ability of oligodeoxynucleotides to a nucleic acid analogue. In the CAGE system, one of the nucleic acid analogues, poly (9-vinyladenine) [PVAd], is used as an affinity ligand, which interacts with the target oligodeoxynucleotide, which is injected into capillary as a sample to form a heteroduplex via a complementary hydrogen bonding. The migration times for some oligodeoxynucleotides were measured by changing the total concentration of PVAd. For a reliable measurement of the binding ability we used cytidine 5'-monophosphate (CMP) as an internal Oligodeoxynucleotides were chemically synthesized using an Applied Biosystems (Foster, CA, USA) Model 391 DNA synthesizer. Poly(9-vinyladenine) (PVAd) was prepared according to the literature.3,5 Poly(9-vinyladenine) having molecular weights ranging from 30000 to 50000 were used. Other reagents were of reagent grade or electrophoretic grade from Nacarai Tesque (Kyoto, Japan) without further purification.
Quanta 4000E (Waters, Tokyo, Japan) and CE-800 (Jasco, Tokyo, Japan) capillary electrophoresis systems were used in this study. Polyimide-coated fused-silica capillaries (375 µm o.d. and 100µm i.d., GL Sciences, Tokyo, Japan) were used with an effective length of 42.5 cm (Quanta 4000E) or 30 cm (CE-800), and a total length of 50 cm. The temperature of air surrounding the capillary was maintained at 20° C in the Quanta 4000E. The separations using CE-800 were performed at room temperature controlled at 20° C. A buffer solution (0.1 M Tris-borate with 2 M urea, pH 8.3) was used for preparing gel-filled capillaries, as well as the running buffer. Capillaries filled with polyacrylamidePVAd conjugated gel (8% T, 5% C, and 0 -3.0% PVAd) were prepared by a previously reported method.5,9 The percentage of PVAd was calculated by using the equation
Samples were electrophoretically injected into the capillary by applying a voltage of 10 kV for 3 -10 s. The running voltage was 10 kV (200 V/ cm). Oligodeoxynucleotides were detected at 254 nm (Quanta 4000E) or 260 nm (CE-800).
Results
and Discussion
Sequence-specific separations of oligodeoxynucleotides, using a capillary filled with polyacrylamide gel entrapping PVAd as an affinity ligand, was based on the formation of heteroduplexes between PVAd and oligodeoxynucleotides via complementary hydrogen bonding, as established by UV, CD, and NMR spectroscopy. 4 Qualitative observations using CAGES_g illustrate that the amount of matched T bases and the positions of mismatched bases mainly affect the selective binding ability of oligodeoxynucleotide to PVAd. The measurement of the apparent association constant leads to a quantitative evaluation of selective binding ability. We chose three oligodeoxynucleotides as model substrates, that is, perfectly matched T TITIT, partially matched TTTAAA, and unmatched AAAAAA.
The electrophoretic mobility of oligodeoxynucleotides is affected by the size of PVAd5, capillary temperatures'', and concentration of PVAd5 and urea5'8 in the CAGE system. We have investigated the effect of these parameters in detail and established a theory for estimating the apparent association constant using CAGE.578 The relative migration time (t) of oligodeoxynucleotide in CAGE in the presence of the interaction (Eq. (1)) of oligodeoxynucleotides (N) and PVAd (L) is expressed as follows according to the theory:5
Here, N.L is the heteroduplex, the square brackets represent the concentration, Ka is the apparent association constant, and [L]t is the total L concentration. The relative migration time of N is expressed as to in the absence of an affinity ligand and t in the presence of an affinity ligand, respectively. The relative migration time is estimated from the ratio of the migration time of oligodeoxynucleotide to that (ca. 14 min) of CMP, which is selected as an internal standard, due to no interaction with PVAd and a large electrophoretic mobility. Equation (2) predicts that the apparent association constant can be estimated from the linear relationship between the relative migration time and the total PVAd concentration.
The relative migration time of oligodeoxynucleotide should, therefore, be measured by differing the total L concentration, while the other electrophoretic conditions, which are optimized for the complete and fast separation of the model substrates, are kept constant. Figure 1 shows a representative series of electropherograms of 'I ITITT by differing the total concentration of PVAd ranging from 0 to 0.4%. An increase in the PVAd concentration results in an increase in the relative migration time of TFI ITFI , as expected from Eq. (2). Some band-broadening of the peak occurred at a PVAd concentration above 0.1 %, presumably due to strong binding to PVAd.5 It is noteworthy that a significant interaction between 'ITITIT and PVAd was observed even in the presence of 2 M urea within a capillary. This indicates that PVAd-DNA heterodu- plex is more stable than natural double-stranded DNA, because the repulsion between anionic charges on the sugar-phosphate backbones is significantly diminished in the heteroduplex of DNA and PVAd, having a noncharged polyvinyl backbone.5'8 We also measured the relative migration times of AAAAAA and TTTAAA in a similar manner. The relative migration times of oligodeoxynucleotides were plotted vs. the PVAd concentration, as shown in Fig.  2 . The resultant relationships gave straight lines with a correlation coefficient ranging from 0.930 -0.970. The apparent association constants of oligodeoxynucleotides can be estimated from the slopes of these linear relationship, when the PVAd concentration (%) is replaced by the molar concentration (M) of PVAd, using its average molecular weight of 40000. The values of Ka were calculated to be ca. 0 M-1 for AAAAAA, 3200 M-1 for TTTAAA, and 39800 M-1 for TT ITI I', respectively. These values are effective for evaluating the selective binding ability of oligodeoxynucleotide to PVAd quantitatively. For example, the selective binding ability of 1 I TIT[ is twelve-times larger than that of TTTAAA.
In this paper we demonstrate that CAGE is applicable for evaluating the selective binding ability of DNA to a nucleic acid analogue by measuring the apparent association constant, and has several advantages as a method for evaluating the binding ability. It required small amounts of samples and ligands; the complete series of experiments in Fig. 1 consumed ca. 800 µg of PVAd and ca. 10 ng of oligodeoxynucleotide, because the internal volume of capillary and sample injection volume were very small in the CAGE system. Additionally, a short analysis time of less than 25 min was required for each measurement using CAGE.
